Introduction
Peripheral arterial disease ͑PAD͒ is caused mainly by atherosclerosis. Narrowing of the arteries-stenosis-occurs throughout the human blood vessel system. The preoperative procedure for treating PAD usually requires a 3D mapping of the area of interest. Generally, preoperative planning is based on digital subtraction angiography ͑DSA͒, magnetic resonance angiography, and computed tomography angiography, which are more expensive and sometimes more invasive ͑DSA͒ than Doppler ultrasound. Ultrasound is a nonionizing, low-cost, and noninvasive imaging system; however, it still only gives a 2D image. Recent research efforts have been focused on developing a 3D ultrasound system as a safer solution for PAD diagnosis.
Unlike traditional 3D imaging technology, an ultrasound exam is performed with a probe that comes into contact with the patient. 3D ultrasound imaging requires
• continuous real-time knowledge of the probe position • captured images that are equidistant ͑a 3D reconstruction is easier to reconstruct and more accurate͒ • captured images that are taken within a precise time window of the heartbeat period ͑synchronized with the heartbeat͒ All these constraints can be met if a robot performs the scan. A robot also allows remote operation, and eventually automation. Several robots have been designed for ultrasound imaging. However, their workspace is limited and permits only limited examination. The University of British Columbia's ultrasound robot ͓1-3͔ was designed to examine the carotid artery, with a total travel of less than 30 cm. Otello, developed at the IUT de Bourges ͓4,5͔ and Tele-Echography Robot ͑TER͒ ͓6,7͔ were designed for obstetrical examination. Otello is simply a spherical tool holder placed on the patient and oriented by a remote operator. TER is moved by straps attached to the side of the table, and therefore no accurate feedback is available for the probe position. The Otello unit is also used for spatial medicine ͑the Teresa project ͓8͔͒. Other devices have been designed for general examinations; however, their spherical workspaces are inappropriate for our purposes: Hippocrate ͓9-11͔ and the University of Tokyo's ultrasound robot ͓12,13͔. The maximum travel of these devices is a spherelike diameter, which can be completely used only when the path coincides with the center. In this paper, a new robot is proposed to perform all arterial examinations. The longest arterial examination is the quantification of lower limb arteries, and so this will serve as a benchmark. A single motion from hip to calf imposes an elongated parallelepiped workspace. All other arterial examinations are less demanding in terms of workspace size. The major advantage of the proposed robot is the length of the workspace, which makes it capable of scanning all human arteries. It consists of two five-bar planar mechanisms connected to a tool holder by an articulated telescopic strut. Four motors are mounted inside the main frame, and a fifth is attached directly to the toolholder, which allows large amplitude tool rotations. The whole frame is mounted on a linear motor, which allows large horizontal displacements of the robot. The proposed six-degrees-of-freedom ͑DOF͒ parallel architecture is illustrated in Fig. 1 . Safety is extremely important in medical robotics because robots come into contact with patients who are surrounded by medical experts. The concept of the medical robot is relatively new compared with that of the industrial robot, and safety rules have yet to be standardized. Innovative publications on the subject by Davies ͓14-16͔ include guidelines, which have inspired many designers of these devices. Medical equipment regulations vaguely dictate that the safety of a medical device is expected to correspond to the "best current practice." However, the notion of perfect safety is a utopian one, regardless of the technology used. Davies proposed a design philosophy for a medical robot, which is to "fail in a safe manner," meaning that, in the event of a power failure or a controller malfunction, the robot could not cause major injuries. The most basic countermeasures to restrain the physical strength of the robot are of a mechanical nature. Motors are chosen such that either their maximum torques correspond closely to the calculated requirements or they are secured by torque limiters. Besides the dangers inherent in operating mode, safety considerations extend to all potential states of the robot, including subjection to a power failure. The robot can be stopped by magnetic brakes ͑preferred when performing internal tasks like surgery͒ or remain unfettered so that it can be manually pushed away. Given the external nature of an ultrasound scan, our ÉTS 3D-US robot will remain unfettered so that the patient under examination can be easily freed if required. It is important, then, for the mechanical structure to be released from gravity effects and for its motor torque requirements to be reduced, thereby preventing the robot from falling onto the patient. This is done through the static balancing of the robot. Indeed, the robot dynamics is neglected, since the required speed is low, under 1 cm/ s for an ultrasound scan and 10 cm/ s for displacement purposes, and therefore only the motor torques responsible for preventing the robot from falling have significant values.
In perfect static balancing, actuator torques due to the gravitational force on the link mass are eliminated in the static condition. Actuators are consequently reduced in size and energy consumption is minimized. This minimization also reduces robot strength, which in turn improves safety in operating mode. For situations where a load is constantly applied or moved, static balancing can include this load to reduce actuator energy consumption in use. Unfortunately, combining a parallel robot structure with static balancing techniques inevitably results in overly complicated solutions.
A popular approach to static balancing is the use of tension springs attached to each link to release the effect of gravity on all possible postures within the workspace. Herder ͓17͔ and Shin and Streit ͓18͔ proposed different spring configurations for the static balancing of the planar pantograph. Using springs, Ebert-Uphoff et al. ͓19͔ statically balanced a 6DOF table supported by three parallelogram legs. Because links are often chained, additional parallel structures are necessary to isolate a single arm. Taylor et al. ͓20͔ proposed using this approach on a 3DOF parallel robot, and Fattah and Agrawal ͓21͔ on a passive two-leg orthosis. Despite the added complexity, extra passive links increase the mass and the inertia, which reduces the expected performances. To avoid the addition of structural components, a counterweight can be placed on each revolute joint to move the center of gravity on the rotation axis ͑Jean and Gosselin ͓22͔͒ or used in combination with springs ͑Simionescu and Ciupitu ͓23,24͔͒. Gosselin and Wang ͓25͔ used a 6DOF table, which was statically balanced in one case with springs and in another with counterweights for comparison. They concluded that both methods offer infinite solutions and that balancing is always an option. Russo et al. ͓26͔ balanced a hexapod with a counterweight attached to a pantograph. In all those cases, the addition of links and masses increased the robot's complexity, as well as its manufacturing cost. The structure becomes too large, and thus less portable. Moreover, the total balancing of chained links inevitably requires an assembly to isolate and balance each element separately.
Simpler and more practical solutions are developed and applied in industrial environments, halfway between complexity and performance. An example is the static balancing of only the first link on an anthropomorphic manipulator, because it is moved by the robot's biggest actuator ͑ABB IRB 4400 series, Fanuc M400 and M900 series, and Kuka KR-100 2 PA͒ in heavy payload designs. Earlier work proposed a similar solution for a parallel manipulator, in which the root-mean-square values of the actuator torques are minimized ͓27͔. The solution was simple, since the number of variables was equal to the number of equations: one mechanical add-on per actuator. This optimized result reduced the overall torque of the actuators inside the prescribed workspace. One benefit was a reduction of the maximum required torque ͑peak͒, which resulted in smaller actuators. In this paper, a similar approach is used to balance the proposed medical robot. However, rather than a single-objective optimization process, we are extending the method to the multiple-objective optimization of springs added to active as well as passive joints, in order to increase the size of the solution space and, in so doing, deal with more than one safety considerations. The first objective is the safety of the patient positioned under the robot. The probe movement resulting from the gravity on the entire structure must always retract vertically, but as slowly as possible. The second objective is the minimization of the motor torque, which allows a more portable design, since the resulting motors are smaller. Since the mechanical equations are expressed as a linear form of the spring variables, the optimal solution is solved using a sequential linear programming optimization approach.
The paper is organized as follows. First, the statics and kinematics of the robot are derived in order to calculate the actuator torques and the probe movement with the installation of torsion springs. Then, using these linear equations, an optimization problem is presented. Finally, results are given and discussed.
Mechanical Model
Equilibrium is achieved through the potential energy formulation of the robot. The energy must be kept constant for all robot positions in order to obtain perfect equilibrium. Now, the 3D workspace can be reshaped to simplify formulation. According to Fig. 1 , the first linear actuator moving the main frame is not subject to gravity, since it is horizontal. Thus, the workspace of interest is reduced to a planar cut. This plane is also the displacement plane of each five-bar mechanism of the robot. As explained in a previous study ͓27͔, the robot Assur groups are divided to isolate each five-bar mechanism. The bond between each element is modeled by a variable-reaction force applied at the connection point. In order to simplify the design, the tool is considered statically balanced around the sixth motor, i.e., the tool's center of mass coincides with the last motor rotation axis.
Total equilibrium of the five-bar mechanism cannot be achieved when subjected to a variable force, but it can be optimized. The mechanical add-on necessary to balance the strut is just too complex to realize. The simplified model is basically the potential energy of each five-bar mechanism with a variable force applied at the tip.
The required workspace area for the quantification of lower limb arteries is semicircular. However, a five-bar cannot be confined to a circle with mechanical stoppers on joints. Even with software control of the actuators, the robot can still move out of it in a power failure. For freedom of movement around the patient and a home-stored position, the workspace area should be larger. The robot dimensions were calculated to cover at least the semicircular workspace area with angles constrained to avoid singularities. The resulting larger workspace area with optimized dimensions and angle limits has the shape illustrated in Fig. 2 .
The robot dimensions were calculated separately from the static balancing formulation. Even if those two problems could be solved at the same time, they have limited interaction of a nonsignificant nature. Furthermore, the isolated static balancing model equations are linear with respect to the unknown parameters, and thus a linear optimization is possible.
Torsion Springs. The mechanical devices selected to maintain equilibrium are torsion springs. They can be easily attached to a revolute joint without exterior interference. Many manufacturers offer custom-made torsion springs. The custom parameters are the spring constant ͑K͒, the moment arm ͑l k ͒, the initial angular position ͑q k ͒, and the general shape for a specific mechanical assembly. They also have a great advantage: The deployed force ͑F͒ is linear to the bending angle ͑q − q k ͒, allowing a linear model of the system. Unlike counterweights, no additional mass is necessary, which makes the system more compact and portable. According to Fig. 3 , the torque ͑ ki ͒ is a function of the ith torsion spring constant K i ͑N m/rad͒ and initial angular position q ki :
where q i is the position of the ith joint. The potential energy ͑V ki ͒ of the ith loaded torsion spring is
Torsion springs are placed on the two actuators of each five-bar mechanism ͑one of these is illustrated in Fig. 5͒ . Two other springs are placed on passive revolute joints, for a total of four springs out of five possible locations. The tip of the five-bar universal joint holding the tool assembly is a complex connection, and therefore not suited for a torsion spring. The robot parameters are illustrated in Fig. 4 .
The four springs used to balance the mechanism represent eight variables for a two-equation system: the input torque of each actuator. The first five-bar mechanism ͑abcde͒ with springs assembled is presented in Fig. 5 . The connection to the rest of the assembly is represented by the reaction force R e at position e.
Actuator Torques. The summarized form for the actuator torques is
where t is the total torque applied on the actuators, g is the torque caused by the gravity on the structure, and k is the torque caused by torsion springs on the joints. For the first five-bar mechanism, noted , the potential energy Transactions of the ASME portion caused by gravity ͑V g ͒ is a function of the mass ͑m i ͒, the length ͑l i ͒ of each ith element, its vertical coordinate ͑z i ͒ at a certain position, and the reaction force from the tool-holder assembly ͑R e = ͓R ey R ez ͔͒, detailed in the next section. This force constitutes the connection to the rest of the assembly at this particular point, which is a function of angles ␣ and ␤ illustrated in Fig. 6 . The gravity potential energy is thus given by
The torque g applied on the actuator is solved by differentiating the potential energy equation with respect to the articulate coordinate vector q 2,3 = ͓q 2 q 3 ͔: where the Jacobian ͑J͒ is used to transform the reaction force at position e = ͓y e z e ͔ into the actuated joint space. The torque k caused by torsion springs K 2 , K 3 , K b , and K d on the actuators is the springs' potential energy sum V k differentiated with respect to q 2,3 . The springs' potential energy is given by
where q k2 , q k3 , q kb , and q kd are initial angular positions of the torsion springs, while q b and q d are the angular positions of the passive joints of the five-bar assembly. Actuator torques for the first five-bar mechanism can be expressed as a linear function of the parameter vector according to Eqs. ͑3͒, ͑5͒, ͑6͒, and ͑9͒: t ͑q,e,␣,␤͒ = ͑q,e,␣,␤͒ + ͑q,e,␣,␤͒ ͑ 10͒
where t = ͓ 2 , 3 ͔Ј are the torques of actuators 2 and 3, and R 2ϫ8 and R 2 are nonlinear functions of the generalized coordinate vectors q, position e, and orientation angles ␣ and ␤. To ensure the linearity of Eq. ͑10͒, the variables to be solved with optimization ͑spring constants K i and initial angular position q ki of the first five-bar mechanism͒ are stored in vector as follows:
The second five-bar mechanism ͑fghkl͒, noted , is solved in the same way as the first one. Then, the torques of actuators 4 and 5 are t ͑q,h,␣,␤͒ = ͑q,h,␣,␤͒ + ͑q,h,␣,␤͒ ͑ 12͒
where t = ͓ 4 , 5 ͔Ј are the torques of actuators 4 and 5, and R 2ϫ8 and R 2 are nonlinear functions of the generalized coordinate vectors q, position h ͑tool assembly connecting point on the second five-bar mechanism illustrated in Fig. 6͒ , and orientation angles ␣ and ␤.
Linearity is ensured by the variables ͑spring constants K i and initial angular position q ki ͒ stored as follows in vector :
The total torque of all the motors of the two five-bar mechanisms is formed from Eqs. ͑10͒ and ͑12͒: This linear form, related to the springs' parameter vectors and , will be used in the optimization process presented below.
Reaction Force at the Connecting Points. Reaction forces R e for the first five-bar mechanism and R h for the second five-bar mechanism are connecting point constraints to bond the toolholder assembly to its support. Only a vector force is transferred through a universal joint; the moment is null because the tool assembly is balanced around its rotation axis, as specified earlier. These forces are the result of gravity on the tool assembly components. Since the ultrasound probe is balanced, the independent sixth motor roll rotation has no effect on the gravity vector. Only the yaw and pitch angles ͑␣ and ␤͒ from the two linked five-bar mechanisms change the gravity vector, and therefore the reaction force amplitude.
The length L of the passive linear joint when fully deployed is calculated as a function of the orientation angles:
where L f is the distance between the two planar five-bar mechanisms:
Thus, the z components of the vertical reaction forces on positions h and e can be determined from the following static equilibrium equations:
where m i , L i , and r i are the mass, length, and position of the center of mass of the ith link, respectively, g is the gravity, and m 6 is the mass of actuator 6. The horizontal reaction forces are projected from axis w to axis y:
The reaction force at the connecting points is also nonlinear with respect to the generalized coordinate vector q and position e ͑or h for the second five-bar mechanism͒.
Probe Movement. For safety reasons, the probe movement resulting from the gravity on the entire structure must retract vertically. In the case of a power failure, the robot should move away from the patient. Safety breaks on actuators are not recommended in this application, because the immobilized robot would most likely be in contact with the patient and he or she would not feel safe trapped under a fixed robot. The Hippocrate's ͓10͔ main arm is balanced with a counterweight, so that it naturally retracts vertically when no motor torques are applied. The University of British Columbia's ultrasound robot ͓1͔ is also statically balanced, and can therefore be easily pushed away. However, the proposed robot cannot be as easily statically balanced as the latter because of its particular architecture. The vertical retraction of the robot is a more achievable goal and could be considered safer, since the patient under examination is not trapped.
When the vertical retraction force is at a minimum, a higher horizontal component is the inevitable result. In a power failure, the robot would retract vertically, but could have great velocities and strength horizontally. So, even if the patient were under the robot, there may be medical personnel inside the workspace who will be at risk. To protect them from this danger, we have added a second safety feature, in this case to restrain the horizontal reaction external force, as presented below.
Equations for the force applied at the tool to any object in the path are also solved from the potential energy equation V g ͑4͒ and V k ͑6͒. Potential energy equations are differentiated with respect to the position e for the first five-bar mechanism and position h for the second mechanism. The Jacobian matrix is still used, but inversed for the residual portion function of q. These forces are given by F e ͑q,e,␣,␤͒ = ͫ and
The total force at the tool is the sum of both forces at connecting points to the rest of the assembly:
ͬ=Fe͑q,e,␣,␤͒+Fh͑q,h,␣,␤͒ ͑22͒
As with the total torque equations, the force applied by the tool to any object in its path is also linear to the torsion spring parameters: 
Static Balancing
The main objective of static balancing is the safety enhancement of the proposed robot structure. The primary concern is the safety of the patient and of the medical operator near the robot at all times. Therefore, the direction and strength of the tool movement when the robot is turned off must be optimized to enable control in hazardous situations. The second concern is the reduction of motor torque to reduce the motor strength, thereby increasing safety in operating mode and the mobility of the robot ͑by decreasing the motor weight͒. Using Eqs. ͑14͒ and ͑23͒, these values are assembled into optimization problems.
The equations developed above are expressed for a single tool position and orientation in space. They are linear relative to the spring parameters, but nonlinear relative to position vectors q, e, and h, as well as the orientation angles ␣ and ␤. Using forward and inverse kinematics, these values are calculated for a given position and orientation in space of the tool. Optimization problems are constructed on the entire workspace area of each five-bar mechanism. A discretization of the workspace area in Fig. 2 is generated to cover all attainable positions and orientations of both the five-bar mechanisms that respect angle limitations.
The reduction of the horizontal force at the tool is of the utmost importance to ensure, to the greatest extent possible, that the movement of the tool will be vertical when the robot is turned off. It constitutes the first ͑and most important͒ objective under the constraint that the vertical force must be positive to guarantee upward movement and be kept under a maximum set value F tz max . This value is a safety factor, a function of the tool assembly mass and its maximum acceptable acceleration. The second ͑and least important͒ objective is the minimization of the motor torque. This multiobjective optimization problem can be solved using the sequential linear programming approach ͓28͔, which
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Transactions of the ASME consists of solving the first optimization problem and then using its optimal solution as a constraint for solving the second optimization problem. Given a certain jth position inside the work-plane meshing, the primary optimization problem is
The optimal value found, F ty max , is then put into the second optimization problem as a constraint to the horizontal force applied at the tool. This second problem will optimize the motor torque values and respect the solution from the first problem. Optimizations in sequence give the second problem the space of solutions left by the first problem. Even if the second objective is less important, it has the potential to reduce motor torques when compared to a no-spring assembly:
Thanks to the previous linear equations ͑Eqs. ͑15͒ and ͑24͒͒, these optimization problems can be formulated as a linear program relative to spring variable vectors and . Since all objectives and constraints are linear, linear programming optimization can be used.
Optimization and Results
The multiobjective optimization problems ͑optimization of the tool reaction force and reduction of the motor static torque values͒ were computed using a sequential approach. Each step was programed using the linear programming function available in the MATLAB optimization toolbox. The robot parameters ͑lengths͒ were chosen previously to cover a precise workspace area and avoid singularities using mechanical limits on the revolute joint. Masses are estimated on realistic shapes, volumes, and materials of each part to ensure adequate stiffness. The discretization of this workspace area is presented in Fig. 2 . The semicircular shape is the suitable space for ultrasound examination. Parameters, revolute joint limits, and discretization steps are given in Table 1 . The roll, pitch, and yaw angle limits are based on the realization of the quantification of lower-limb arteries. They are derived and adapted from a preliminary study on the design of the University of British Columbia's ultrasound robot ͓2͔.
Optimization sequences are compared using the peak values of each actuator torque and of the force applied at the tool. Values prior to the installation of torsion springs are compared to values of both optimization sequences. Actuator torque peak values are drawn in Fig. 7 and the tool-applied forces are summarized in Table 2 . The spring parameters resulting from the complete sequential optimization process are given in Table 3 .
The first optimization sequence succeeded in reversing the negative values of the vertical tool-applied force into positive values smaller than 16.5 N. The peak minimization of the horizontal force reduced the maximum values of 17.2-8.3 N after optimization. The peak of the horizontal force is half the size of the vertical force, meaning a dominant vertical movement. The first optimization allowed the motor torque's highest peak value to be reduced from 6.7 N m to 6.1 N m. Since the torques were not included in the first sequence, they are not expected to be necessarily reduced.
As ensured by the sequential formulation, the second optimization sequence kept the tool-applied forces at the first sequence results. Moreover, the motor torque peak value was reduced from 6.1 N m to 5.6 N m. From the original no-spring assembly, the motor torque peak value was reduced by a total of 1.1 N m. Not all motor peak values were reduced, but since both five-bar mechanisms will have identical actuators, it is the highest values of all four motors that impose the design requirement. The second optimization succeeded in improving the overall requirement.
Conclusion
A new medical robot for arterial ultrasound examination was presented. Its parallel architecture is not easily statically balanced Table 3 Optimal torsion spring parameters Spring constants ͑N m/rad͒ K 2 = 0.5; K 3 = 0.8; K b = −0.6; K d = 0.9; K 4 = 1.6; K 5 = 0.3; K g = −1.8; K l = 1.9 Initial angular positions of springs ͑rad͒ q k2 = 2.2; q k3 = 4.5; q kb = 2.3; q kd = 1.2; q k4 = 2.6; q k5 = 17.4; q kg = 2.2; q kl = 2.8 using standard counterweights, linear springs, and the addition of support links for springs. This is because the tool-holder assembly is attached at two points via universal joints. A mechanical static balancing approach using only torsion springs assembled on both actuated joints and selected passive joints was proposed. Mechanical equations of motor torques and the tool-applied force were formulated as linear functions of the torsion spring variables. Using the classical Assur group, the toolholder assembly was modeled as reaction forces were applied at its attachment points.
Safety measures to predict robot movements when the actuators are switched off were formulated into optimization problems. A second optimization problem to reduce motor torque was formulated and solved in sequence. Optimization formulations were calculated to cover a discretization of all possible variables. This discretization represents the work-space area of the five-bar mechanisms and all attainable positions and orientations. It was calculated with forward and inverse kinematics.
Optimization problems were solved using a classical sequential linear programming technique. The force applied by the tool to any object or person when the actuators are powered down was optimized. The vertical component was kept positive and the horizontal component minimized to ensure a dominant vertical retraction of the tool. The second sequence lowered motor torque requirements within the available solution space to respect the optimum values from the first sequence.
A prototype is under construction using the proposed dimensions. The proposed addition of torsion springs to improve safety will also be incorporated into the design.
